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To determine if membrane association is an intrinsic property of the influenza virus matrix protein (M1 ) it was expressed
from cDNA in living cells in the absence of other influenza virus proteins. By using a membrane fractionation scheme the
M1 protein was found to associate with membranes in a time-dependent manner (0 time  45% total; after a 3-hr chase
period  68% total M1 protein). Coexpression of the integral membrane proteins HA/NA/M2 did not significantly increase
the association of the M1 protein with cellular membranes, indicating that putative interactions of the M1 protein and the
cytoplasmic tails of the integral membranes cannot be detected by this assay. Biochemical treatments of the M1 protein
associated with membranes with alkali, high salt conditions, or Triton X-114 yielded data that challenge the normal criteria
for integral membrane proteins or peripheral membrane proteins. Examination of the solubility of the M1 protein in influenza
virus-infected cells to Triton X-100 extraction indicated it became increasingly insoluble with time, but the M1 protein could
be solubilized in Triton X-100 containing 1 M NaCl, suggesting an association of the M1 protein with the cytoskeleton.
However, when the M1 protein was expressed from cDNA, it did not become insoluble to Triton X-100 extraction, suggesting
an interaction of the M1 protein unique to the influenza virus-infected cell. q 1996 Academic Press, Inc.
INTRODUCTION tions (Kretzschmar et al., 1996). An interaction between
the M1 protein and RNA has been demonstrated by usingThe matrix protein (Mr 27,000) (M1 ) of influenza virus filter-binding assays and blotting procedures (Wakefield
has long been viewed to underlie the viral lipid envelope
and Brownlee, 1989; Ye et al., 1989). The M1 proteinand to provide rigidity to the membrane (reviewed in
contains a zinc-binding motif [cys-cys-his-his type - resi-Compans and Choppin, 1975). In addition, it is thought
dues 148–162 of influenza virus A/PR/8/34 M1 protein],that the M1 protein is multifunctional and interacts with and this domain which is conserved in influenza A andseveral other viral proteins. It is widely believed that the
B virus M1 proteins can bind zinc (Elster et al., 1994).M1 protein has a major role in mediating virus assembly
However, the zinc content of M1 protein does not influ-and budding by forming interactions with the cytoplasmic
ence binding to RNA and thus the zinc-domain may betails of the HA, NA, and M2 proteins and also by inter-
involved in protein–protein interactions. An interactionacting with the viral ribonucleoprotein (RNP) segments.
has also been proposed between the M1 protein and theAn interaction between the M1 and M2 protein has also
NS2 protein found in purified virions (Ward et al., 1995;been suggested based on the observation that virus
Yasuda et al., 1993) but as the function of the NS2 proteingrowth restriction by antibodies to the M2 protein can be
is not understood the significance of this finding is notovercome by mutations in the M1 protein (Zebedee and
known.Lamb, 1989). However, except for the interaction of the
Influenza virus replicates in the nucleus and budsM1 protein with RNPs, biochemical evidence for these
from the plasma membrane and thus this necessitatesvery plausible interactions has been difficult to obtain.
a complex series of nuclear import and export eventsAn interaction between M1 protein and membranes
and the M1 protein plays important roles in regulatinghas been found (Hay, 1974) and a direct interaction with
import of RNPs into the nucleus. Early work suggestedlipid has been shown in vivo using light-activated cross-
an interaction between the M1 protein and the RNPslinking (Gregoriades and Frangione, 1981) and in vitro
when it was found that purified RNPs often containedusing purified M1 protein and liposomes (Bucher et al.,
M1 protein (Rees and Dimmock, 1981) and by using1980). Furthermore, it has been shown recently that M1
immunogold labeling and electron microscopy it wasprotein expressed from cDNA in the absence of other
found that the RNPs were heavily labeled with M1 anti-influenza virus proteins associates with membrane frac-
body (Murti et al., 1992). Purified M1 protein inhibits
transcription in vitro (Ye et al., 1989; Zvonarjev and1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (847) 491-2467. E-mail: ralamb@nwu.edu. Ghendon, 1980) and in vitro M1 protein can be solubi-
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lized from RNPs on low pH treatment (Zhirnov, 1990). Plasmids
When influenza virus is uncoated in endosomes it is
cDNAs encoding influenza A/Udorn/72 M1 (Lamb andthought that protein – protein contacts between the M1 Lai, 1981), M2 (Zebedee et al., 1985), HA (Simpson andprotein and the RNPs are made weaker on acidification
Lamb, 1992), and NA (Markoff and Lai, 1982) were sub-
of the virion interior by action of the proton flux of the
cloned into pTM3 such that the cDNA in the mRNA sense
M2 ion channel (Helenius, 1992; Pinto et al., 1992). was under the control of the promoter for bacteriophage
When the M2 ion channel is blocked by amantadine, T7 DNA-dependent RNA polymerase.
the M1 protein fails to dissociate from the RNPs (Buk-
rinskaya et al., 1982; Martin and Helenius, 1991a) and Transfections
the RNPs fail to be transported to the nucleus (Martin
cDNAs were expressed using the vacT7 expressionand Helenius, 1991a). Furthermore, considerable evi-
system (Fuerst et al., 1986). HeLa-T4 cells (70% confluentdence has been accumulated to indicate that transport
in 6-cm plates) were infected with a recombinant vacciniaof the M1 protein into the nucleus is required to prevent
virus that expresses bacteriophage T7 RNA polymerasereimport of newly assembled RNPs into the nucleus.
(vTF-7-3) (Fuerst et al., 1986) (m.o.i. of 10 PFU per cell)Thus, the M1 protein is thought to be the main regulator
for 30 min. Plasmids encoding the M1 , HA, NA, or M2of nuclear transport of RNPs (Kemler et al., 1994; Mar-
proteins were then transfected using cationic liposomestin and Helenius, 1991a; Whittaker et al., 1995; 1996).
synthesized in our laboratory (Rose et al., 1991). TenWe are interested in the molecular mechanisms that
micrograms of plasmid DNA was used for single trans-govern the complex process by which enveloped viruses
fection experiments and when all four cDNAs were co-bud from the plasma membranes of virus-infected cells.
transfected 2.5 mg of each DNA was used.To begin to investigate the hypothesis that the M1 protein
forms a bridge between the membrane envelope and
Metabolic labelingthe ribonucleocapsid core during viral budding we have
examined the membrane association properties of the Influenza virus-infected cells at 4.5 hr postinfection
M1 protein when expressed in vivo in the absence of (p.i.) or transfected cells at 4.5 hr posttransfection were
other influenza virus proteins. We confirm the observa- incubated in DME deficient in cysteine and methionine
tion of Kretzschmar and colleagues (1996) that a large (DME Met- Cys -) for 30 min and then metabolically pulse
fraction of M1 protein is capable of associating with cellu- labeled with [35S]Pro-mix (Amersham International, Ar-
lar membranes. We extend these observations by finding lington Heights, IL) (100 mCi/ml) in DME Met-Cys - for
that the extent of association of the M1 protein with mem- varying periods of time followed by incubation (chase) in
branes increases with time. However, expression of the DME supplemented with 2 mM methionine and cysteine
integral membrane proteins HA, NA, and M2 did not in- (chase medium) for varying periods of time.
crease the association of the M1 protein with membranes
Immunoprecipitation and SDS–PAGE analysisunder the conditions used. We also find that the M1 pro-
tein in influenza virus-infected cells becomes resistant Proteins were solubilized in RIPA buffer (or other deter-
to Triton X-100 extraction in a time-dependent manner. gent containing buffers as indicated) and immunoprecipi-
However, when the M1 protein was expressed alone it tated, and polypeptides were analyzed by SDS polyacryl-
did not become resistant to Triton X-100 extraction. Fur- amide gel electrophoresis (PAGE) using 15% gels as de-
ther, we confirm and extend previous findings (Zhirnov, scribed previously (Lamb et al., 1978). Radioactivity was
1990) by showing that lower pH (pH 5) removes effec- determined by autoradiography or by using a BioImager
tively the M1 protein from the RNPs. Bas 1000 (Fuji Medical Systems, Stamford, CT). Antibod-
ies used were goat serum specific for influenza virus
M1 and NA proteins (National Institute of Allergy andMATERIALS AND METHODS
Infectious Diseases Resources for Influenza Repository,
Bethesda, MD), MAb 1C6 specific for the M1 protein,Cells and viruses
SP31 goat serum specific for A/Udorn/72 HA (Paterson
and Lamb, 1987), and MAb 14C2 specific for M2 proteinCV-1 cells and HeLa-T4 were maintained in Dulbec-
(Zebedee and Lamb, 1988).co’s modified Eagle’s medium (DME) supplemented
with 10% fetal bovine serum as described previously
Equilibrium gradient centrifugation and cellular
(Lamb and Choppin, 1976). Influenza virus A/Udorn/
membrane preparation
72 and A/PR/8/34 were grown in 11-day embryonated
chicken eggs. CV-1 cells were infected with influenza HeLa-T4 cells or CV-1 cells (2 1 106 cells) were har-
virus at a multiplicity of infection (m.o.i.) of 10 plaque vested and fractionated essentially as described by Berg-
forming units (PFU) per cell, as described previously mann and Fusco (1988). Briefly, plates were rinsed with
phosphate-buffered saline (PBS) and then cells were(Lamb and Choppin, 1976).
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scraped into ice-cold 10% (wt/wt) sucrose homogeniza- The supernatant was removed and considered to be the
soluble fraction. The pellets were solubilized in 100 mltion buffer containing 10 mM Tris–hydrochloride (Tris –
HCl; pH 7.4), 1 mM EDTA, 10 mM iodoacetamide, 100 of buffer containing 50 mM Tris–HCl (pH 8.8), 5 mM
EDTA, and 1% SDS. DNA was sheared by passagekallikrein units of aprotinin per milliliter, 1 mM phenyl
methyl sulfonyl fluoride (PMSF). Cells were disrupted through a 22-gauge needle. Both lysates were adjusted
to a final concentration of 0.1% SDS, 1% Na deoxycholate,with 60 strokes of a Dounce homogenizer on ice. Nuclei
and debris were removed from the cell lysate by centrifu- 1% Triton X-100, 150 mM NaCl. HA, M1 , and M2 proteins
were immunoprecipitated and polypeptides analyzed bygation at 200 g for 5 min at 47. The resulting supernatant
was made to 80% (wt/vol) sucrose, laid at the bottom of SDS–PAGE.
a Beckman SW41 centrifuge tube and overlaid with 5 ml
of 65% (wt/vol) and 2.5 ml of 10% (wt/vol) sucrose. The Detergent solubilization of virions and immunoblotting
step gradient was then centrifuged to equilibrium at
Sucrose gradient purified influenza virus (1 mg) was35,000 rpm for 18 hr at 47. Fractions were collected from
incubated with 0.8% Triton N-101 or Triton X-100 at pHthe top by using an autofractionator, diluted with RIPA
7.4 (20 mM Tris–HCl, pH 7.4, 150 mM NaCl) or at pH 5.0buffer, and polypeptides immunoprecipitated and ana-
(20 mM NaOAc, pH 5.0, 150 mM NaCl) for 1 hr at 47.lyzed by SDS–PAGE.
The samples were layered onto a 33–70% glycerol stepTotal cellular membranes were prepared from trans-
gradient (Kemler et al., 1994) and centrifuged at 45,000fected HeLa-T4 cells by the equilibrium centrifugation
rpm for 4 hr in a Beckman SW60Ti rotor. Fractions (360method described above. The visible membrane band at
ml) were taken from the top of the gradient and werethe 10/65% sucrose interface was removed and pelleted
analyzed by SDS–PAGE. Gels were either stained withafter 10-fold dilution by centrifugation at 35,000 rpm for
Coomassie brilliant blue staining or were subjected to1 hr at 47 in a SW41 rotor. The pellet was resuspended
immunoblotting using M1-specific sera.in of 10 mM Tris–HCl (pH 7.4) (100 ml) and kept on ice.
RESULTSTriton X-114 phase partitioning analysis
Membrane-association of proteins in influenza virus-A modified Bordier’s method (Bordier, 1981) was used.
infected cellsGradient fractions were dialyzed against 10 mM Tris –
HCl (pH 7.4) buffer, lyophilized, and extracted with 1%
The distribution of M1 protein in postnuclear mem-Triton X-114 in TN buffer (10 mM Tris–HCl (pH 7.4) 0
brane fractions derived from the influenza virus-infected
150 mM NaCl) at 47. Aqueous and detergent phases of
cells was investigated using the Bergmann and Fusco
each sample were separated by centrifugation through
(1988) method. Influenza virus-infected CV-1 cells at 4.5
a 6% (wt/wt) sucrose cushion containing 0.06% Triton X-
hr p.i. were pulse-labeled for 15 min with [35S]Pro-mix
114/TN buffer at 2000 rpm for 3 min at room temperature.
followed by a 2-hr chase period. The cells were har-
The aqueous phase was reextracted twice more with 1%
vested and Dounce homogenized and the lysates sub-
Triton X-114/TN buffer. The samples of the same phase
jected to flotation equilibrium density gradient centrifuga-
were combined, adjusted to the same final volume, deter-
tion to examine the membrane association of proteins.
gent, and salt concentrations, and proteins were immu-
In this procedure cellular membranes and membrane-
noprecipitated with antibodies to HA, M2 , or M1 proteins, associated proteins colocalize to the 10/65% sucrose in-
respectively, and polypeptides were analyzed by SDS –
terface, whereas soluble proteins remain in the 80% su-
PAGE.
crose loading zone of the gradient (Bergmann and Fusco,
1988; Chong and Rose, 1993). As shown in Fig. 1, thePulse-chase and Triton X-100 solubilization
vast majority of the integral membrane proteins HA, NA,
and M2 colocalized at the 10/65% sucrose interface (frac-A modification of the method of Skibbens et al. (1989)
was used. Influenza virus-infected CV-1 cells at 4.5 hr tions 3 and 4). In addition, a considerable amount (55–
60%) of the M1 protein was found to localize with mem-p.i. or transfected CV-1 cells using the vac/T7 expression
system at 4.5 hr posttransfection were pulse-labeled with branes. Some NP was also identified associated with
the membrane fractions. As purified virions band at the[35S]Pro-mix for 10 min and incubated in chase medium
for varying times. Monolayers were lysed with 0.5 ml of 10/65% sucrose interface the contribution of released
virion-associated M1 and NP proteins with the cellularTriton X-100/150 mM NaCl extraction buffer (50 mM Tris –
HCl, pH 7.4, 0.15 M NaCl, 0.5% (v/v) Triton X-100, 100 membranes was considered; however, using these label-
ing conditions 5% of the label is incorporated into re-kallikrein U/ml aprotinin, and 1 mM PMSF); 0.5 ml Triton
X-100/1 M NaCl extraction buffer, or 60 mM octylgluco- leased virions (data not shown). It is noted that some
cytoplasmic NS1 protein was also found associated withside (OG)/150 mM NaCl extraction buffer for 10 min on
ice. Lysates and insoluble material were collected and the membrane fraction but the reason for this is not
known.centrifuged for 2 min at 12,000 rpm in a microfuge at 47.
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tein both in pairs and in a quadruple transfection. Surface
immuno-fluorescent staining (in pairs) for HA, NA, and
M2 proteins showed that 90% of transfected cells ex-
pressed two proteins (data not shown; Takeuchi and
Lamb, 1994), and thus it seems reasonable to conclude
that a high percentage of transfected cells expressed all
four proteins. As the data from each experiment were
very similar only the data from the quadruple transfection
is shown (Fig. 2B). It was found that HA0 , NA, and M2
proteins and the M1 protein cofractionated in membrane-
containing fractions 3 and 4. Quantification of the amount
of membrane-associated M1 protein in any of the trans-
fections indicated that the amount of M1 protein associ-
ated with membranes after the pulse-label ranged from
45 to 60% and after a 3-hr chase period plateaued at
70% (Fig. 2C); data for the quadruple transfection are
shown in Fig. 2C.
M1 protein properties challenge the normal criteria
for an integral membrane protein or a peripheral
membrane protein
FIG. 1. Membrane association of proteins in influenza virus-infected Peripheral membrane proteins are characterized by
cells. CV-1 cells were infected with influenza A/Udorn/72 and at 4.5 hr
their ability to be removed from membranes by alkali pHp.i. the cells were pulse-labeled with [35S]Pro-mix for 15 min and incu-
treatment (pH 11), by high salt extraction, or after chela-bated in chase medium for 2 hr. The cells were Dounce homogenized,
nuclei removed by low speed centrifugation, and the supernatant was tion of divalent cations. In contrast integral membrane
made to 80% (wt/vol) sucrose and overlaid with 65 and 10% sucrose proteins are characterized by their insolubility at pH 11
layers. The discontinuous gradient was centrifuged at 35,000 rpm in a and their inability to be removed from membranes by
Beckman SW41 rotor for 18 hr at 47. Fractions were immunoprecipitated
high salt treatment or chelation of divalent cations. Thewith pooled antibodies against HA, NA, M1 , and M2 , analyzed by SDS–
M1 protein does not contain stretches of hydrophobicPAGE, and radioactivity was analyzed using a Fuji Bas 1000 BioImager.
Fractions are numbered from the top to the bottom of the gradient. amino acid residues usually considered long enough to
Band indicated as HAtrimer is the SDS-resistant trimer species of HA. serve as a transmembrane domain, and a deletion analy-
sis of the M1 protein hydrophobic regions failed to identify
any one region of M1 protein that interacts with mem-
M1 protein expressed alone associates with cellular branes (Kretzschmar et al., 1996); however, there is evi-
membranes but little enhancement is observed on
dence to suggest that part of the M1 protein may becoexpression of HA, NA, and M2 proteins embedded in membranes (Gregoriades, 1980; Gregori-
ades and Frangione, 1981). Thus, to assess the basis ofTo confirm and extend the data of Kretzschmar and
colleagues (1996) that when the M1 protein is expressed the M1 protein interaction with cellular membranes, we
isolated membranes (fractions 3 and 4) containing M1in the absence of other influenza virus proteins it associ-
ates with membranes in vivo, the M1 protein was ex- protein from transfected HeLa-T4 cells, treated the mem-
branes with 2 M KCl or carbonate buffer (pH 11.5), andpressed from cDNA using the vac/T7 expression system
(Fuerst et al., 1986). The subcellular distribution of the then subjected the membranes to a second round of
flotation equilibrium density centrifugation to determineM1 protein in postnuclear membrane fractions was inves-
tigated as described above. At 4.5 hr posttransfection, whether any of these conditions dissociated M1 protein
from membranes. As shown in Fig. 3A these treatmentscells were pulse-labeled with [35S]Pro-mix for 10 min, and
incubated in chase medium for either 0, 1, 2, or 3 hr prior failed to release M1 protein from the cellular membranes.
To characterize further the nature of M1 membrane bind-to flotation equilibrium density centrifugation. As shown
in Figs. 2A and 2C, M1 protein associated with the mem- ing, Triton X-114 phase partitioning analysis (Bordier,
1981) on membrane fractions containing M1 , M2 , HA, andbrane fractions (fractions 3 and 4) and the percentage of
total membrane-associated M1 increased with time after the cytosolic fraction containing M1 protein, was per-
formed (Fig. 3B). In this extraction integral membranesynthesis, beginning at 45% and plateauing at 68% of
total after 2 hr. To examine if the three influenza virus proteins or lipid anchored proteins partition in the deter-
gent phase, whereas peripheral membranes proteinsintegral membrane proteins (HA, NA, and M2 protein)
increased the association of M1 protein with membranes, partition in the aqueous phase. As expected, the known
integral membranes proteins HA and M2 protein wereHA, NA, and M2 proteins were coexpressed with M1 pro-
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FIG. 2. Analysis of membrane-associated M1 protein when expressed from cDNA: coexpression of HA, NA, and M2 proteins have little effect on
M1 protein membrane association. HeLa-T4 cells were infected with recombinant vaccinia virus vTF 7-3 for 30 min and then transfected with the
appropriate plasmid DNA(s). Cells were pulse-labeled with [35S]Pro-mix (50 mCi/ml) for 10 min and then incubated in chase medium for 0, 1, 2 or
3 hr. Cells were harvested, Dounce homogenized, and the postnuclear supernatant was subjected to equilibrium density centrifugation as described
under Materials and Methods. Gradient fractions were immunoprecipitated with goat anti-M1 serum (A) or a mixture of sera specific for HA, NA,
M1 , and M2 proteins (B) and polypeptides were analyzed by SDS–PAGE. Gradient fractions are numbered from top to bottom of the gradient. (A)
Distribution of M1 protein expressed alone after a 3-hr chase period; (B) distribution of coexpressed HA, NA, M2 , and M1 proteins after a 3-hr chase
period; (C) Quantification by BioImager analysis of the amount of M1 protein associated with membranes, when M1 protein was expressed alone
or in a quadruple transfection with coexpression of M1/HA/NA/M2 proteins. Average of two experiments ({ SEM).
almost completely extracted into the detergent phase on and challenge the established criteria for peripheral
membrane proteins or integral membrane proteins.treatment of membrane fractions containing HA and M2
protein with Triton X-114. However, when either mem-
brane bound M1 protein or free M1 protein were extracted Time-dependent increase in Triton X-100 insolubility
with Triton X-114 the protein fractionated into both the of M1 protein in influenza virus-infected cells
aqueous and detergent phases (50:50 for the membrane
bound M1 protein and 60:40 for the soluble M1 protein). It has been found during exocytic transport of integral
membranes that the proteins become insoluble to TritonThe M1 protein lacks the known sequence motifs for
myristylation and isoprenylation. In addition, in experi- X-100 extraction (Bohn et al., 1986; Fiedler et al., 1993;
Hooper et al., 1990; Morrison and McGinnes, 1985; Sand-ments in which both HA and M2 protein could be readily
labeled with [3H]palmitate no palmitylation of M1 protein erson et al., 1995; Skibbens et al., 1989). Triton X-100
insolubility is thought to be due to interactions of thewas observed (Holsinger et al., 1995). Thus, it seems
unlikely that lipid modification of the M1 protein is the integral membrane protein with the cytoskeleton, trans-
port of the protein to an environment containing Tritonexplanation for its association with membrane fractions.
Therefore, the properties of the M1 protein are unusual X-100 insoluble lipids (Brown and Rose, 1992; Fiedler et
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FIG. 3. Biochemical analysis of membrane-associated M1 protein. (A) Total cellular membranes containing M1 protein expressed from cDNA
(equivalent to gradient fractions 3 and 4 shown in Fig. 1) were treated with 2 M KCl/10 mM Tris–HCl (pH 7.4) for 1 hr at 257 or with carbonate
buffer (pH 11.5) for 30 min at 07 or left untreated. Samples were subjected to a second round of density gradient equilibrium centrifugation. Gradient
fractions were immunoprecipitated with goat anti-M1 serum and polypeptides were analyzed by SDS–PAGE. Gradient fractions are numbered from
top to the bottom of the gradient. (B) Total cellular membranes containing HA, M2 , and M1 proteins expressed from cDNA (equivalent to fractions
3 and 4 from Fig. 1), and also gradient fractions containing free cytosolic M1 (equivalent to gradient fraction 9 in Fig. 1), were subjected to Triton
X-114 phase partitioning analysis as described previously (Bordier, 1981). Aliquots of both the aqueous and detergent phases were immunoprecipi-
tated using sera specific for HA, M2 , or M1 proteins and polypeptides were analyzed by SDS–PAGE.
al., 1993; Skibbens et al., 1989), or aggregation of proteins immunoprecipitated and analyzed by SDS–PAGE and
radioactivity quantified. It was found that immediately(Mayor and Maxfield, 1995). It has been well documented
that a large fraction of the influenza virus HA becomes after the pulse-label that 95% of M1 protein was extract-
able by Triton X-100, whereas after a 3-hr chase periodinsoluble to Triton X-100 extraction during transport
through the late Golgi compartments (Fiedler et al., 1993; 75% of M1 protein was insoluble in Triton X-100; concomi-
tantly, 50% of HA molecules became Triton X-100 insolu-Skibbens et al., 1989). However, it has also been found
that the paramyxovirus, Sendai virus, matrix protein ac- ble (Figs. 4A and 4B). When the M2 integral membrane
protein was immunoprecipitated from aliquots of thequires Triton X-100 insolubility in Sendai virus-infected
cells (Sanderson et al., 1995). As it was shown above that same lysates it was found to remain Triton X-100 soluble
at all times.the M1 protein has unusual properties for a peripheral
membrane protein, it was of interest to examine the time The Triton X-100 insolubility of a protein could be due
to either its association with detergent insoluble lipidcourse of Triton X-100 solubility of the influenza virus M1
protein. membranes (Brown and Rose, 1992) or its interaction
with cytoskeletal components (Bohn et al., 1986). TheseInfluenza A/Udorn/72 virus-infected CV-1 cells at 4.5
hr p.i. were pulse-labeled with [35S]Pro-mix for 10 min possibilities can be distinguished by extraction with non-
ionic detergent buffer containing high salt concentrationsand incubated in chase medium for varying times. Cells
were lysed in Triton X-100 extraction buffer and HA and and with octyl glucoside (OG). Triton X-100 insoluble lip-
ids are soluble in octyl glucoside (Brown and Rose, 1992;M1 protein in the soluble and insoluble fractions were
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FIG. 4. Time-course of Triton X-100 solubility of influenza virus HA, M2 , and M1 proteins. Influenza virus-infected CV-1 cells at 4.5 hr p.i. were
pulse-labeled for 10 min with [35S]Pro-mix and incubated in chase medium for 0, 30, 60, 90, 120, or 180 min. Cells were lysed in Triton X-100 at 07
and soluble (S) and insoluble (I) fractions obtained. (A) HA, M2 , and M1 proteins were immunoprecipitated and polypeptides were analyzed by SDS–
PAGE. (B) Quantification of radioactivity by BioImager analysis of the Triton X-100 insoluble HA, M2 , and M1 proteins in influenza virus-infected CV-
1 cells, CV-1 cells transiently expressing M1 protein alone, transiently coexpressing M1 , HA, NA, and M2 , or transiently coexpressing M1 /NP
proteins.
Hooper and Turner, 1988; Sanderson et al., 1995) and have been released from cells but it was thought possi-
ble that the Triton X-100 insoluble fraction might repre-interactions between proteins that associate with cy-
toskeletal proteins can often be disrupted by treatment sent M1 protein in virions that are bound to membranes.
To attempt to address this possibility, purified virionswith high salt concentrations. To investigate the basis
for the time-dependent switch in Triton X-100 solubility were subjected to Triton X-100 extraction and it was
found that the majority (80%) of the M1 protein wasproperties of the M1 protein, [35S]-labeled influenza virus
A/Udorn/72-infected CV1 cells were extracted at 0 and Triton X-100 soluble (data not shown). Thus, this finding
further supports the view that Triton X-100 insolublity of3 hr postlabeling with either Triton X-100 containing 150
mM NaCl, Triton X-100 containing 1 M NaCl, or 60 mM the M1 protein is a property of the protein that is specific
to virus-infected cells.OG containing 150 mM NaCl. The HA, M2 , and M1 pro-
teins in the soluble and insoluble fractions were analyzed To examine if the M1 protein when expressed alone
had similar Triton X-100 solubility properties, the M1 pro-by immunoprecipitation and SDS–PAGE. After extraction
with Triton X-100 containing 150 mM NaCl HA underwent tein was expressed by using the vac/T7 expression sys-
tem. In contrast to the observed time-dependent Tritona time-dependent transition from a Triton X-100 soluble
form to an insoluble form, but after extraction with OG, X-100 insolubility of the M1 protein in influenza virus-
infected cells, when M1 protein was expressed alone,HA was found to be almost entirely soluble at all times
tested. In contrast, the M1 protein, which became Triton very little M1 protein became Triton X-100 insoluble with
time (Fig. 4B). In an effort to determine if coexpressionX-100 insoluble with duration of chase period, was not
soluble in OG, but the M1 protein was soluble in Triton of the viral integral membrane proteins, HA, NA, and M2
or the NP protein was responsible for the time-dependentX-100 containing 1 M NaCl (Fig. 5A). An unanticipated
finding was that HA also became soluble in Triton X-100 switch in properties of the M1 protein on Triton X-100
extraction, M1 protein was coexpressed with eithercontaining 1 M NaCl and it is not clear if these conditions
solubilize Triton X-100 insoluble lipids. Nonetheless, HA/NA/M2 proteins or was coexpressed with NP. Nei-
ther set of coexpression conditions enhanced the time-these data show a clear difference between properties
of the M1 protein and HA and it seems likely that the dependent Triton X-100 insolubility properties of the M1
protein (Fig. 4B), suggesting that this property of the M1insolubility in Triton X-100 of the M1 protein is due to its
interaction with the cytoskeleton. At 3 hr p.i. few virions protein requires an influenza virus infection of cells. To
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FIG. 5. Extraction of influenza virus-infected CV-1 cells with Triton X-100 or octyl glucoside (OG). Influenza virus-infected CV-1 cells at 4.5
hr p.i. were pulse-labeled for 10 min with [35S]Pro-mix and incubated in chase medium for 0 or 3 hr. Cells were extracted at 47 with Triton
X-100 containing 150 mM NaCl (TX), Triton X-100 containing 1 M NaCl (1 M NaCl), or 60 mM OG containing 150 mM NaCl (OG). Soluble (S)
and insoluble (I) fractions were obtained, proteins immunoprecipitated using sera specific for HA and M1 , and polypeptides analyzed by
SDS – PAGE.
confirm that the membrane associated M1 protein exhib- When the M2 ion channel is inhibited by amantadine the
M1 protein fails to dissociate from the RNPs (Bukrinskayaited a similar change in Triton X-100 insolubility with
time as compared to total cellular M1 protein, cellular et al., 1982; Martin and Helenius, 1991a) and the trans-
port of the RNP complex to the nucleus does not occurmembrane fractions of infected cells were isolated (frac-
(Martin and Helenius, 1991b).tions 3 and 4, Fig. 1) and subjected to Triton X-100 extrac-
To extend Zhirnov’s observations and to investigatetion as described above. It was found that the membrane-
whether M1 protein incorporated into virions exhibited aassociated M1 fraction in virus-infected cells showed a
similar detergent solubility property as was observed insimilar pattern and extent of Triton X-100 solubility as
infected or transfected cells, virions were disrupted withtotal cellular M1 protein (data not shown).
Triton N-101 or Triton X-100 at either pH 7.4 or pH 5.0 at
47 and subjected to sedimentation centrifugation on 33–Solubilization of the M1 protein from virions
70% glycerol gradients. Fractions (360 ml) were taken
To transcribe the influenza virus genome in vitro it is from the top and polypeptides in each gradient fraction
necessary to use detergent to solubilize the lipid bilayer, were analyzed by SDS–PAGE. As shown by Coomassie
and to remove the M1 protein from the RNPs it has been brilliant blue staining for all polypeptides and further for
customary to use high salt conditions to solubilize the M1 the M1 protein by immunoblotting it was observed (Fig.
protein (reviewed in Krug et al., 1989). However, Zhirnov 6) that at pH 7.4 the integral membrane proteins HA1 /
(1990) reported that if the pH of the detergent buffer was HA2 and NA were found in fractions 2 and 3, the NP
lowered to pH 5, there was no need to add nonphysio- protein was spread from fractions 6 to 11, and the major-
logical salt concentrations to achieve M1 protein solubili- ity of M1 protein with some NP protein was found at the
zation. This finding has become a cornerstone of the bottom of the gradient. In contrast at pH 5.0, M1 protein
view that when a virion is endocytosed into an endosome was solubilized very efficiently and it fractionated almost
the M2 ion channel permits protons to enter the virion entirely with HA and NA, predominately to fractions 2 and
and disrupt protein–protein interactions and free the 3, confirming that pH 5 treatment of detergent disrupted
virions dissociates the M1 protein from the RNP/M1 pro-RNP from the M1 protein (reviewed in Lamb et al., 1994).
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FIG. 6. Fractionation of detergent solubilized influenza virus. Sucrose gradient purified A/PR/8/34 virions were treated in 0.8% Triton N-101/pH
5.0 or 0.8% Triton N-101/pH 7.4 at 47 and fractionated on a 33–70% step glycerol gradient buffered at either pH 5.0 or pH 7.4, respectively. Fractions
were taken from the top and analyzed by SDS–PAGE followed by Coomassie brilliant blue staining and immunoblotting with MAb M1 1C6 against
influenza M1 protein.
tein complexes. No difference in data was obtained when all M1 protein molecules in a cell are equivalent or if
subpopulations are restricted to different roles in the cell.virions were solubilized in Triton X-100 or Triton N-101.
The finding that the M1 protein could not be extracted
from membranes with high salt or alkali pH are proper-DISCUSSION
ties usually associated with integral membrane proteins.
However, membrane bound M1 protein and soluble M1The influenza virus M1 protein has been known for
protein upon Triton X-114 fractionation were found insome time to associate with cellular membranes in virus-
both the aqueous and detergent phases whereas bonainfected cells (Lazarowitz et al., 1971; Compans, 1973;
fide integral membrane proteins, e.g., HA and M2 proteinsMeier-Ewert and Compans, 1974; Hay, 1974). Further-
only fractionated in the detergent phase. Thus, the M1more, purified M1 protein has been found to bind to phos-
protein exhibits a fairly strong interaction with mem-pholipid vesicles (Bucher et al., 1980; Gregoriades and
branes and this is consistent with the observations thatFrangione, 1981). However, it has only become clear re-
very hydrophobic membrane-penetrating probes werecently that association with membranes is an intrinsic
able to label the M1 protein in intact virions (Gregoriades,property of the M1 protein when it is expressed in living
1980) and that on cyanogen bromide and formic acidcells. Kretzschmar and colleagues (1996) found that
treatment, M1 protein fragments are partly embedded in12–19% of total M1 protein was associated with mem-
reconstituted liposomal membranes (Bucher et al., 1980;branes when M1 protein was expressed in cells using the
Gregoriades and Frangione, 1981). However, the M1 pro-vac/T7 expression system. Using the same expression
tein does not contain a single hydrophobic domain suffi-system, we show here that, immediately after synthesis,
ciently long to span a membrane (Kretzschmar et al.,45% of the total M1 protein is associated with mem-
1996; Lamb and Lai, 1981; Winter and Fields, 1980) and,branes and this amount increases to 70% total M1 protein
thus, it is possible that the M1 protein hydrophobic re-in 3 hr, indicating a maturation process for the M1 protein.
gions fold as a cluster and form a surface region thatWe do not know the reason for the difference in the
permits a strong interaction with the lipid bilayer.amounts of M1 protein associated with membranes ob-
Triton X-100 insolubility of membrane proteins istained by two different laboratories except that we note
thought to result from either an interaction with cytoskel-that two different strains of influenza virus were used.
etal components or clustering into Triton X-100 insolubleNonetheless it is clear there are two species of M1 pro-
lipids (Bohn et al., 1986; Brown and Rose, 1992; Hoopertein in the postnuclear supernatant of cells, one that is
and Turner, 1988; Morrison and McGinnes, 1985). Ourmembrane associated and the other that is cytosolic.
finding that in influenza virus-infected cells the M1 proteinThe M1 protein is also found localized to the nucleus
exhibits a time-dependent increase in Triton X-100 insol-(Briedis et al., 1981; Martin and Helenius, 1991a) and it
ubility (5% at 0 time and 75% total M1 protein after 3-hris thought that association of the M1 protein with the RNP
chase period), which can be ablated by 1 M NaCl treat-is required to prevent reimport of newly assembled RNPs
ment, is indicative of the M1 protein interacting with cy-into the nucleus (Martin and Helenius, 1991b; Whittaker
et al., 1996). What remains to be determined is whether toskeletal structures. As would be anticipated due to the
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relative lack of cytoskeletal proteins in virions, M1 protein vations). This finding suggests that specific information
contained in the HA and NA cytoplasmic tails is suffi-from virions was fully soluble in Triton X-100 provided
low pH was used to alter the M1 protein–RNP interaction ciently critical for normal virus assembly that there is dual
redundancy in the system. By using similar biochemicalwhereas low pH treatment of Triton X-100 insoluble M1
protein in virus-infected cells had no effect on the extrac- gradient fractionation approaches to that described here
for two other negative strand enveloped RNA viruses,tion pattern (data not shown). Approximately 45% of cyto-
solic M1 protein associates with membranes very rapidly vesicular stomatitis virus (VSV) and Sendai virus, associ-
ation of the VSV and Sendai virus matrix (M) proteinsafter synthesis, whereas the M1 protein gains Triton X-
100 resistance semilinearly with time. Thus, these data and cellular membranes was found (Chong and Rose,
1993; Sanderson et al., 1993; 1994; Stricker et al., 1994).suggest that these two processes are not directly cou-
pled but rather occur sequentially with each representing For Sendai virus, it has been reported that coexpression
of either the F or the HN glycoproteins increases M pro-an aspect of M1 protein maturation in virus-infected cells.
Interestingly, when the M1 protein was expressed using tein association with membranes (Sanderson et al., 1993;
1994) although such an observation could not be con-the vac/T7 expression system, Triton X-100 insolubility
of the M1 protein was not observed and it could not be firmed (Stricker et al., 1994). Thus, it becomes rather
important in future work to attempt to identify by othergained by coexpression of M1/HA/NA/M2 proteins or
coexpression of M1/NP proteins. This difference in prop- biochemical means possible interactions between the
M1 protein and the cytoplasmic tails of the influenza viruserty of the M1 protein in influenza virus-infected cells,
and when the M1 protein is expressed alone, suggests integral membrane proteins.
that perhaps coexpression of another influenza virus pro-
tein is required for the M1 protein to become Triton X-
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